Certain applications in imaging photometry and radiometry require a telescope-detector system with ͑preferably constant͒ response over a wide spectral range from the ultraviolet through the infrared. We describe the design and characterization of the Solar Bolometric Imager ͑SBI͒, a 30-cm-aperture DallKirkham telescope combined with a gold-blacked, 80,000-element thermal array detector. Our SBI prototype provides spectrally uniform imaging in total solar light ͑0.28 -2.6 m͒ of heat-flow inhomogeneities at the solar photosphere, with better than 5-arc sec angular resolution over a 6.5 ϫ 13 arc min field of view. A balloon-borne SBI would avoid most atmospheric transmission variation over this spectral range, enabling accurate study of the sources of total irradiance variation.
Introduction
Most imaging systems in common use are based on spectrally selective detectors such as the eye, film, or semiconductor arrays. Some applications, however, would benefit from an imaging system with sensitivity over a much broader spectral range, spanning the UV, visible, and IR range with a single detector array, even if its responsivity were relatively low. Furthermore, if its wavelength response could be made constant ͑i.e., flat͒ over this wide range, the signal from such a wideband system would be proportional to the wavelength-integrated ͑total͒ radiance of each element in the scene, regardless of its spectral distribution.
We describe in this paper an imaging system with this wideband bolometric imaging capability, developed here for a specific application in photometric imaging to study the sources of the Sun's total irradiance variation and called the Solar Bolometric Imager ͑SBI͒. Construction of the SBI has been enabled by the recent commercial introduction of uncooled, 160 ϫ 320 and 240 ϫ 320 pixel thermal cameras, initially developed for defense applications in the 8 -14-m atmospheric window. 1, 2 We describe how this mature detector technology can be modified to produce a total-light imaging system with good angular resolution and field of view, potentially suitable for other applications in astrophysics, metrology, and biomedical imaging.
System Requirements

A. Science Background
The design of the SBI prototype was driven by the scientific objective that it provide precise photometric measurements in wavelength-integrated ͑total͒ light of structures at the solar photosphere, such as dark sunspots and bright faculae. The daily changes in projected area and position of these structures on the photospheric disk are known 3 to be the main cause of total solar irradiance variations measured in the UV through near-IR ͑NIR͒ with spaceborne radiometers such as the Active Cavity Radiometer Irradiance Monitor ͑ACRIM͒, since 1978. 4, 5 Instruments such as the ACRIM offer radiometric stability over long time periods that cannot be matched by the SBI. However, SBI observations from above the Earth's atmosphere can image the sources of the total irradiance accepted by pyrheliometers, with 80,000-pixel angular resolution. Therefore the two kinds of instrument are complementary; the pyrheliometric record remains the only way of measuring variations in total irradiance, S, from all sources, whereas the SBI can locate and measure the contribution from sources of any localized heat-flow variation. It follows that removal of the localized contributions to ⌬S measured with the SBI, from the total variation in S measured pyrheliometrically, provides a direct procedure for identifying possible global ͑or nearly global͒ changes in S such as global variations in solar convective heat flow. The possible existence of such mechanisms, which might dominate solar luminosity variation over climatologically important time scales, is the most important unsolved problem in studies of solar luminosity variation. 6, 7 Photometric measurements of sufficient precision cannot be obtained practically with conventional camera and telescope systems, because the spectral and spatial radiance distributions of dark sunspot and bright facular structures on the Sun are quite different. 8 The two kinds of structure cannot be characterized accurately in terms of different blackbody temperatures, because the wavelength dependence of their opacity determines their photometric contrast. Thus the highly wavelength-dependent responsivity of a conventional camera and telescope system would first need to be characterized over its wavelength range; then monochromatic measurements of the solar structures would be required over many wavelengths, followed by their weighted summation, with weights derived earlier from the instrumental spectral response function. Such a characterization would actually have to be done with two different cameras, one for the UV and visible and one for the IR, since the required wavelength range extends well beyond that of any single conventional array camera. The impractical complexity of this measurement with conventional spectrally selective imagers illustrates the power of the SBI, which can provide the required data in a single image.
B. Technical Requirements
To achieve its science objective, the SBI must meet the following technical requirements: ͑a͒ The telescope must be achromatic over the UV-to-NIR wavelength range, ͑b͒ the system spectral response must be constant to better than Ϯ10% over this range, ͑c͒ the irradiance of the direct solar image at the focal plane must be reduced to within an acceptable range for the thermal imaging detector ͑required because of the fixed detector integration time͒, ͑d͒ the system's angular resolution at the longest wavelengths must be sufficient to avoid blurring of the smallest solar structures known to contribute significantly to total irradiance variation ͑i.e., the bright facular structures in the enhanced photospheric network, whose characteristic scale subtends 10 arc sec; excessive blurring would decrease the peak intensity of these structures, thus reducing the signal-to-noise ratio, and the photometric precision of our measurement͒, ͑e͒ the scattered light level must be sufficiently low to enable sunspot and facular contrast measurements, ͑f ͒ the camera's photometric response must be sufficiently well understood and stable to enable photometric measurements of Ϯ10% precision. This is necessary because the time variability of total irradiance measured by spaceborne radiometers is at the 0.1% level. The long-term ͑years͒ reproducibility of these radiometers is ϳ10 times better than this ͑op-timistically͒, so at the 10 Ϫ4 level of total irradiance. With the SBI we are trying to measure photometrically the wideband contribution of spots and faculae, which seem to account for most of this 0.1% radiometric variability. To achieve the same precision ͑i.e., 10
Ϫ4
͒ as the radiometry, we therefore need to be measuring these structures photometrically to roughly Ϯ10% accuracy.
Optical Design
The telescope design used in the SBI is illustrated in Fig. 1 . The requirement of achromaticity over such a broad spectral range dictated an all-reflecting design for the focusing optics, although two thin, flat, transmissive elements are included to provide ͑i͒ a fused-quartz vacuum window on the detector and ͑ii͒ a neutral-density ͑ND͒ filter ͑see below͒. A DallKirkham design was chosen to provide the required long focal length in the compact package necessary for an eventual balloon or satellite launch of the SBI.
Several combinations were studied to yield a set of SBI optics ͑telescope plus camera͒ meeting the spectral flatness criterion and also yielding the requisite attenuation. Calculations using spectral reflectances of aluminum and rhodium metallic coatings were compared with values calculated for bare glass using refractive indices of Vycor 7913 and Pyrex 7740, chosen because they are commonly used as mirror blanks. These calculations and subsequent measurements indicated that bare Pyrex primary and secondary mirrors coupled with an Inconnel-coated ND filter ͑with fused-quartz substrate͒ provided both the appropriate attenuation and the best spectral flatness over a 0.28 -2.6-m spectral range ͑Fig. 2͒, a range accounting for over 96% of the total solar irradiance and most of its variability. 9 The transmission curve varies by only Ϯ7% over this range and is limited at short wavelengths by a local minimum in the reflectivity of Pyrex at 0.25 m and at wavelengths greater than 2.6 m by absorption features in the fused quartz.
To minimize costs of the ground-based prototype, a commercially available, equatorially mounted, 30-cm F͞12 Dall-Kirkham telescope built by Takahashi Corp. was purchased with uncoated Pyrex optics. The primary and secondary mounts are opaque, so no direct light is transmitted through the uncoated telescope optics to the camera. Bare glass optics have been used by some early observers of the bright planet Venus, but the technique seems to be novel in solar imaging. Calculations indicated that secondary reflections in the uncoated optics should have little effect on image scattered light-our testing bears this out ͑see Section 5͒.
Imager
A. Detector Development
Our requirement of constant system spectral response also necessitated the development of a detector array with flat response over at least the 0.28 -2.6-m wavelength range. Gold-black films have a spectral absorptance that varies less than Ϯ1% from 0.2 m to beyond 3 m, 10 and these were applied to the light-receiving surfaces of recently available thermal IR imaging arrays to attain this goal. The electrical, thermal, and mechanical properties of gold blacks, and some trial depositions on substrates, are described by Advena et al. 10 The normal commercial applications of the two dominant uncooled thermal IR technologies, ferroelectric and microbolometer arrays, are in military and civilian night vision, so the light-receiving surfaces of these devices are resonant absorbers for 8 -14-m radiation. The detector physics of ferroelectric arrays is based on the strong temperature dependence of capacitance around the Curie point of barium strontium titanate ͑BST͒, whereas the competitive microbolometer arrays use the temperature dependence of resistance in vanadium oxide. In both devices, absorbed IR radiation changes the detector temperature to produce a change in output signal. The application of gold black to the lightreceiving surfaces of the thermal imagers would enable them to absorb radiation uniformly from the UV to NIR, resulting in detector arrays with flat spectral response over the desired spectral range.
For the ferroelectric arrays a thin ͑ϳ30-m͒ layer of gold black was applied to the array's monolithic receiving plate, which covers the entire array and serves as both a common electrode for the 80,000 pixels as well as resonant absorber. The gold blacking was performed in a small vacuum deposition facility made available to us at the National Institute of Standards and Technology ͑NIST͒ in Gaithersburg, Maryland. Some experimentation was necessary to develop the correct deposition procedure which enabled us to achieve coverage of the entire active area of the array, while not significantly degrading the detector modulation transfer function or damaging or shorting the fine leads extending outward and upward from the array edges ͑Fig. 3͒. Measurements performed for us at Raytheon show that suitably gold-blacked arrays can retain 60 -80% of the original detector modulation transfer function ͑20 -30% at the cutoff frequency͒. A spectral scan ͑performed at NIST͒ of one of our arrays ͑Fig. 4͒ over the wavelength range of 0.3-1.6 m shows that gold blacking of the ferroelectric arrays can result in a detector with constant spectral absorptance over this range. Approximately 13% of the total irradiance lies longward of 1.6 m, but we know from Advena et al. 10 that the flat spectral response of gold-black film continues out to beyond 10 m, where there is a negligible contribution to the total solar irradiance.
We investigated gold blacking of the microbolometer arrays, but the lack of a monolithic plate in the microbolometer arrays makes deposition problematic, requiring careful lithography to mask the 80,000 pixels, since any gold-black particles falling between pixels or beneath the microbridges would thermally or electrically short out the array. Such techniques for patterning gold blacks at the requisite 10 -100-m pixel scale have not yet been demonstrated in a process that is compatible with microbolometer arrays. Thus only ferroelectric arrays were gold blackened for the SBI.
B. Camera Development
Image acquisition at the SBI focal plane was accomplished with a ferroelectric array camera with an opaque chopper sold commercially by Texas Instruments ͑now Raytheon͒ as the NightSight and modified for our needs. We replaced the NightSight's standard unblackened BST array with a goldblackened array for our ground-based SBI prototype testing. The NightSight camera electronically blanks the top and bottom 40 rows of the 240 ϫ 320 element detector array output, applies gain and offset adjustment, digitizes ͑8 bit͒, and then converts the signal to 60-Hz, RS-170 video format. We used a Data Translation Model DT3152 video frame grabber to acquire and store the video data for later image processing. We also rehoused the camera and its chopper mechanism in a casing more suitable for mounting at the SBI focal plane. In the rehousing the silicon entrance window and reflective goldcoated focusing optics provided for the commercial night-vision camera were discarded.
The camera electronics also required modification. The initial modification was to replace all the obvious automatic gain and offset setting circuitry with manual adjustments enabling us to set and maintain signal at the desired levels. These modifications were carried out for us mainly by Nytech, Inc., who had built the original camera for Texas Instruments. However, we found the camera's photometric response unsatisfactory and, as discussed in Section 5, we eventually bypassed the camera's signal processing electronics completely, using the NightSight electronics to provide detector clocks and bias voltages only.
Characterization of the Solar Bolometric Imager Prototype
After verification that no perceptible heating occurs at either the primary mirror cell ͑which is ventilated͒ or at the secondary, our characterization focused on three main issues: ͑i͒ image quality, ͑ii͒ shape and stability of the photometric response curve, and ͑iii͒ scattered light. Characterization of image quality was performed on the SBI telescope with the modified NightSight camera. As discussed in more detail below, final photometric characterization was performed in the laboratory with the commercial electronics bypassed, whereas scattered light measurements were performed on the telescope with a CCD camera.
The SBI telescope's effective focal length of ϳ360 cm produces an image scale of 2.4 arc sec pixel Ϫ1 needed to oversample the smallest ͑10-arc sec͒ solar structures of interest and resulting in a field of view for the commercial 160 ϫ 320 ferroelectric array camera of approximately 6.5 ϫ 13 arc min. The 30-cm aperture also yields a diffraction pattern diameter ͑2.1 arc sec͒ at the longest wavelength ͑2.6 m͒ smaller than one 50-m pixel. Failure to meet this condition would reduce the photometric precision, since the IR intensity of photospheric elements at long wavelengths would be spread over a larger number of pixels rather than at the shortest wavelengths. Figure 5 shows the quality of solar imagery obtained on the disk and near the limb. Straightforward image processing techniques were used to remove bad pixels and a nearly 2:1 response variation across the array in the raw data. Each final image consists of four captured images ͑each the average of ten video frames͒ obtained with the telescope pointed at four slightly different positions on the Sun, individually flat fielded, spatially coaligned, and then coadded.
Flat fields were generated from out-of-focus images of the central solar disk and from laboratory images of a diffuser illuminated by a halogen light source obtained with no focusing camera optics; both showed the same spatial response pattern. The response variations are primarily the result of pixel-to-pixel gain variations that would normally be removed by gain corrections downloaded into the camera electronics at the factory. For the nonstandard application with the gold-blackened array, determination of the proper pixel gain normalization values was problematic, and a single constant gain correction value was applied to each pixel, making off-line flat fielding necessary.
The images easily achieve our resolution goal of providing good contrast on sunspots and on faculae in active regions and enhanced network near the limb. The smallest enhanced-network structures we measure in these images subtend ϳ15 arc sec FWHM ͓Fig. 6͑a͔͒, and their contrast is measured with a signal-to-noise ratio of ϳ5:1. We find that the limiting source of pattern noise in these images is mainly due to solar granulation, since it is greater in solar imagery than the pattern noise obtained when a flat scene is viewed. Also, the pattern noise observed in these images increases with distance from the limb-a well-known feature of granulation brightness contrast.
We compared wideband images with narrowerband data obtained with the same system and viewing the same regions on the Sun, but using an interference filter of 100-nm FWHM centered at 550 nm, in lieu of the ND filter. Small sunspots of diameter ϳ7.5 arc sec FWHM were observed in both sets of images with a residual intensity ͑I spot ͞ I photosphere ͒ of ϳ60%. The comparable spatial resolution of the wideband and the narrow-band images indicates that any diffraction-induced blurring at long wavelengths is small compared with atmospheric blurring in this ground-based prototype. Photometric scans ͓Fig. 6͑b͔͒ across the largest sunspot we observed near disk center show a residual intensity of 35% in our wideband images; thus comparable with the value of 34% obtained in white-light CCD images of the same spot at a similar platescale ͑2.3-arc sec pixel Ϫ1 ͒ by the Mees observatory on Mauna Kea. As expected, lower residual intensity ͑ϳ25%͒ was obtained for spots of comparable size in our 550-nm narrow-band image, in agreement with the known higher contrast of umbras in green light compared with the broadband continuum. 11 The stability of the array response also meets our needs. Mean response drifts of less than 1% rootmean-square ͑2.3% peak to peak͒ were measured over several hours with the camera viewing a constant uniform scene. A ratio of the highest response image to the lowest response image in this data set exhibited a root-mean-square deviation of less than 1% and showed little evidence for localized high-drift regions.
Photometric precision requires more than resolution and stability, however, since we need to know exactly how the camera output varies with irradiance. Such photometric response curve measurements were performed with a bandwidth-limited halogen lamp illuminating a diffuser ͑to provide a uniform scene for the camera͒ as the irradiance source. The scene intensity versus lamp voltage was calibrated against the output of a silicon diode trap, and then the intensity was varied to sample the camera's dynamic range. Measurements performed with the modified commercial camera electronics indicated that the average camera output as a function of irradiance was exponential with deviations from linearity of 5-15%. We also discovered that under nonuniform illumination conditions, such as would be encountered when observing the limb of the Sun, the camera output for nonilluminated regions shifted down as the intensity of illumination in the illuminated region increased or as the illuminated fraction of the array increased. An in-depth examination indicated that the camera signal processing electronics were largely responsible for the observed effects, so we wired the detector output directly to an external differential amplifier and then fed the amplifier output into the frame grabber, using the commercial camera electronics to provide only the necessary detector clocks and bias levels.
The photometric response curve measurements were repeated by use of the new readout scheme with both the gold-blackened array and an unblackened detector array ͑in case our gold blacking was causing Fig. 7 . ͑a͒ Raw mean response ͑50 ϫ 50 pixel box͒ as a function of lamp intensity is plotted both with the gold-blackened and unblackened arrays fully illuminated and with ϳ1͞3 of each array physically masked off to simulate observation of the solar limb. Also included are plots of the mean output level in the masked ͑dark͒ areas of both arrays showing the dark level shift discussed in the text. ͑b͒ More-detailed examination of the raw mean response as a function of lamp intensity for the gold-blackened array with masking and with the system gain optimized for the linear section of the response curve. Best line fits to the data are drawn through the points in all plots. unexpected side effects͒. In addition, the tests were performed both with the arrays fully illuminated and with a portion of the arrays physically masked off to simulate observation of the solar limb ͑to make sure that the camera response was not a function of the uniformity of illumination͒. Both arrays were found to have similar curves with minor level shifting in masked ͑dark͒ regions ͓Fig. 7͑a͔͒. The output of the gold-blacked array was found to be linear over an irradiance range ͑which includes the irradiance at the SBI focal plane͒ of 10 W cm Ϫ2 to 1.4 mW cm and then more dramatically thereafter ͓Fig. 7͑a͔͒. No appreciable differences were found in the response curves for fully illuminated and partially illuminated arrays, as long as a fraction of every row was illuminated ͓Fig. 7͑a͔͒. Our current focus has shifted toward the development of the current generation of ferroelectric arrays and readouts rather than attempting to understand further the phenomenology of the older-generation arrays.
The dark level shifting effect inhibited our ability to perform confident measurement of the off-limb scattering of the SBI telescope with the modified ferroelectric camera. Instead we measured the scattering off the lunar limb, using a CCD camera with the SBI telescope. By using the lunar limb, we obviated the need for ND filters whose scattering may have reduced our accuracy. Analysis of the lunar limb images ͑Fig. 8͒ indicates 1.5% scattering ϳ40 arc sec off the limb, similar to the values measured on solar tower telescopes such as the McMath facility at Kitt Peak. 12 In addition, stellar imagery performed with the same SBI telescope and CCD camera arrangement shows no evidence for ghost images above the 2% level ͑upper limit͒, which might result from backsurface reflections off the uncoated telescope optics. Together, these lunar and stellar data encourage the use of uncoated mirrors for astronomical imaging applications requiring intensity reduction and͞or uniform spectral response over a broad band.
General Applications
We have shown that quantitative solar imaging photometry at a useful modulation transfer function is achievable with the new uncooled BST imaging arrays, but their use need not be limited to solar imaging. To illustrate this camera's potential as a general-purpose, ultra-wide-band detector, we show a flat-fielded image of a laboratory scene illuminated with a 5-W minihalogen lamp and obtained at F͞2.8 with a 55-mm Nikon lens and 1.67-s integration.
Comparison with a 480 ϫ 640 white-light CCD image of the same scene ͑16.7-ms integration͒ shows comparable image quality ͑Fig. 9͒.
Despite its lower responsivity, the potential of the SBI camera could be exploited to produce accurately coregistered, multispectral imagery of scenes from the UV, visible, and IR onto a single detector array by means of combining the SBI camera with a filter wheel or tunable filter. Such a compact, relatively rugged camera would be useful in applications requiring cross-spectrum diagnostics in laboratory applications such as biomedical imaging, astrophysical remote sensing, in situ planetary exploration, and geophysical exploration. This camera's sensitivity is, however, significantly lower than that of a typical CCD, so relatively high light levels would be required. At 550 nm, for example, the CCD has a signal-to-noise ratio that is approximately 1000 times higher than that of the gold-blacked SBI prototype camera.
Conclusions and Future Directions
The SBI's novel optical system combined with modifications to a commercially available uncooled IR imager ͑to our knowledge, the first such use for astronomical applications͒ has resulted in an instrument that meets our requirements for the study of mechanisms of total solar irradiance variation. The SBI's spectral response, angular resolution, dynamic range, photometric precision, and scattered light are all sufficient for our needs. Our groundbased observations demonstrate that the main noise contribution comes from photospheric granulation, rather than readout noise, even with the 8-bit camera we are using, although a 10 -12-bit camera compatible with the latest Raytheon BST array is in development.
An analysis of terrestrial atmospheric absorption ͑most significant in the UV and the IR͒ indicates that altitudes greater than approximately 15 km are required for making the most effective use of the SBI, suggesting that it is well suited to balloon flight. Useful measurements could be obtained even from a flight of a few hours, during which wideband photometric contrasts of typical spots, faculae, and enhanced network, as a function of limb distance, could be measured accurately. This can be done from a relatively small number of images, provided that they include representative examples of such structures at various disk positions. However, a long-duration underflight of a satelliteborne pyrheliometer would be desirable for full exploitation of the potential of this instrument to improve understanding of solar irradiance variation and its effects on climate.
Our research also demonstrates that quantitative photometric measurements can be performed with the ferroelectric arrays over an unprecedentedly wide spectral range spanning the UV, visible, and NIR. The advantages of ultra-wide-band or multispectral imaging with precise coregistration over this range could be attractive in a variety of laboratory or remote sensing applications in which illumination level or exposure length can be adjusted to compensate for the thermal camera's lower responsivity.
